Carboxylate anions arising from collision-induced dissociation (CID) of the [M -15]-ion produced by fast atom bombardment (FAB) of glycerophosphocholine (GPCho) were previously shown to be produced in an abundance ratio of 1:3 for the carboxylic acids esterified at sn -1 and sn -2, respectively. This observation has been confirmed in a series of 13 synthetic GPCho molecular species. A good correlation was found between the isomeric purity of GPCho molecular species as determined by negative-ion F..t\BjCID analysis and the isomeric purity of the sn -2 fatty acid using a phospholipase A 2 assay. Negative-ion FAB mass spectra of several 1-0-alkyl-2-acyl-GPCho molecular species were found to be similar to those of diacyl GPCho. However, the cm spectra from the major high-mass ions are different from those of the diacyl species in that the [M -15]-ion yields only one carboxylate anion and the [M -86]-undergoes a neutral loss of the sn -2 carboxylic acid as a major decomposition product. These results suggest several rules useful for structural characterization of GPCho molecular species by negative-ion tandem mass spectrometry (MS/MS): (1) For diacyl species, the mass of the two carboxyl anions plus the mass of the GPCho backbone (minus a methyl group) must correspond to the mass of the [M -15] anion; (2) for diacyl species there is a carboxylate anion ratio approximately 1:3 for the substituents at sn -1 and sn -2; and (3) for alkylether species, only one fatty acyl group is present, and the difference between the [M -15] ion and the GPCho backbone (minus methyl) plus the fatty acyl group at sn -2 corresponds to an alkylether substituent. (4) Assignment of ether-linked molecular species can be made from the [M -86]-ion, which has a strong neutral loss of the sn -2 fatty acid.
G
LYCEROPHOSPHOLIPIDS constitute a major fraction of the components of membranes within all mammalian cells [1] . Interest in these molecules has stemmed largely from the biophysical properties they display in separating compartments within cells and defming cellular boundaries as well as their effect on membrane fluidity [2] or adaptations in composition due to temperature change [3] . More recently, however, it has become recognized that phospholipids also serve as precursors of biologically active compounds that play important roles in physiological regulation of complex cellular processes such as mediation of cell-cell communication [4, 5] and intracellular receptor-signal transduction processes [6] . These regulatory substances are derived from phospholipids, so they are typically termed lipid mediators and fall into three general classes. One category contains the metabolites of arachidonic acid formed by the action of cyclooxygenase resulting in prostaglandins [7] or by action of 5-lipoxygenase resulting in leukotrienes [8] . A second class of lipid mediators are the platelet-activating factor (PAF) molecular species derived from phosphatidylcholines with a long-chain ether substituent at sn -1 and a very short chain, typically acetate, at sn -2 [9] . Third, diacylglycerols, derived from various phospholipids, nate-containing molecular species and 1-0-alkyl ether phosphatidylcholines. Furthermore, MS /MS with better product ion resolution is used to identify molecular species in a biological extract.
lAbbre viatio ns used: sn -1 and sn -2, s ter eo specifi cal ly numbered positions 1 and 2 on the sn-GPCho backbone (also , the identity of the fatty add. in th e sn -1 and sn -2 po sitions are in dic ated by the numerical order in which they are written, for example, 16:0e/ZO:4 GPCho, where 16:0 represents a 16-carbon fally acid with no double bonds, and 20:4 represents a ZO-carbon fatty acid with four double bonds . The lowercase leiter following the sn -1 fatty acid indicates th e type of linkage at sn -1, either. a , e. or p representing acyl , ether, or vinyl ether, which is commonly referred to as plasmalogen); PAF, platelet-activating factor; PLA " phospholipase A 2 ; TRlS , IriS(hydroxymelhyll·aminomethane; elD, collisioninduced d issoci ation .
are known to activate protein kinase C and in this way participate in receptor-signal transduction [10) .
Whereas a great deal of information has been obtained concerning the biosynthesis of prostaglandins and leukotrienes from arachidonic acid and PAF biosynthesis from Iyso-PAF (1-0-alkyl-sn-gIycerophosphochollne), we are only beginning to understand the complexities involved in the liberation of free arachidonic acid and lyso-PAF from phospholipid precursors 111] . The various membranes within cells are composed of complex mixtures of glycerophosphocholines (GPChO'S).l There are many phospholipid molecular species that may serve as precursors for free arachidonic acid and Iyso-PAF. Identiftcation of the exact molecular species of phospholipids and, in particular, arachidonate-eontaining GPCho's within a cell, has been a challenging analytical endeavor. Structures of two representative arachidonate-containing GPCho molecular species, 1-octadecanoyl-2-arachidonoyl-GPCho and 1-octadecyl-2-arachidonoylGPCho, are shown here as Structures I and Il, respectively.
In 1986, Jensen et a1. [12) suggested that fast atom bombardment (FAB) and tandem mass spectrometry (MSjMS) could be effective in identifying molecular species of glycerophospholipids, including GPCho. They used a three-sector mass spectrometer with an electric sector to analyze the product ions following collision-induced decomposition (OD) of negative ions from GPCho. The resolution of this instrument for daughter ions was approximately 100, which limited to some extent the ability to analyze fatty acyl components of phospholipids that differ by a single double bond. In 1988, Munster and Budzikiewicz [13J conhrmed these observations and extended the analysis to 11 molecular species of glycerophosphatidylcholine that differed in fatty acyl groups at Stl -1 or sn -2. The present work extends these reports by addressing the analysis of arachidot -uc t c dec o-cy 1-2-cl"c ChidoMoy l-sn91ycerophCl.phg~i dy1t;:hol1 nlll Structure I t -n-eeeeeeey 1-2-o/"'oel'l t~o""oyl-ol"l 9 1)'c....opho.p~ot1 dy l e no l i nil Structure II 
Methods and Materials

Materials
Mass Spectrometry
Mass spectra were obtained on a Finnigan TSQ70B (San Jose, CA) triple-quadrupole mass spectrometer equipped with a saddle-field FAB gun by Ion Tech (Middlesex, England). Xenon was used as the particle source with a typical accelerating potential of 5 kV at 1 mAoArgon was used in the second quadrupole (Q2) collision cell at a pressure of 0.5 mtorr. Collision energy offset (flab) of 30 eV was used to induce dissociations (ClD). The instrument was equipped with a conversion dynode, which was set at 12 kV for these experiments. Typically, five product ion scans (from m / z 150 up to 20 u higher than the mass of the selected precursor ion, in 2 s) were averaged for each ion decomposed. A precursor ion scan of m j z 303 was used to determine the arachidonate-containlng molecular species in the neutrophil GPCho fraction. Subsequent product ion scans were then obtained for each precursor of mj z 303.
Isomeric purity (X; mole fraction of specified positional isomer) of GPCho molecular species was calculated from the observed intensity ratio (R) of the FAB/MS/MS carboxylate anions from sn -1 and sn -2 by using the equation
where R is the intensity ratio for R 1COO-IRzCOO-, and R 2COO-is identified by being more abundant than R1COO-. This equation was derived by assuming that an absolute carboxylate anion intensity ratio of 1:3 would be observed for a pure positional isomer.
Phospholipase A 2 Assay
An assay involving the use of phospholipase A 2 (PLA 2 ) was performed to determine the purity of the positional isomer of each synthetic GPCho molecular J Am Soc M ass Spectrom 1991. 2, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] GLYCEROPHOSPHo rnOLINES BY MS/MS 47 species. Phospholipid, 50-100 ",g, in CHCl 3 solution, was transferred to screw-cap glass tubes and dried under a stream of dry nitr ogen at 37 ·C, followed by addition of a small volume of methyl ether, which was reevaporated to remove traces of CH0 3 • The residue wa s re constituted in 2 m l, uf diethyl ether, and a mixtur e of PLA 2 (100 units in 50 /LL of TRIS buffer), TRIS buffer (100 ",L of 0.2 M, pH 7.5), calcium chloride (40 /LL, 0.1 Mj, and distilled water (210 /tL) was then added to the ether in each tube. The test tubes were sealed with Teflon-lined caps and vortexed continuously for at least 3.5 h to create inverted micelles, which increase the ether-aqueous interfacial surface area at which the reaction between the substrate and the enzyme occurs . Without separation of layers, the ether was evaporated, and the remaining aqueous layer was acidified with a drop of glacial acetic acid and extracted three times with two volumes of hexane. The hexane-extracted fatty acids were converted to methyl esters with diazomethane.
Fatty acid methyl esters were analyzed by gas chromatography by using flame ionizat ion detection. The detector was heated to 280 · C, and the injector to ·C/min. Relative peak areas were determined, and areas were converted to mole % fatty acid using relative response factors [14] . Fatty acid methyl ester Iden tification was confirmed by GC /MS (EI, 70 eV).
Isolation ofGlycerophosphocholine from Neutrophile
Neutr ophils were isolated from human blood as previously described [15] . A total lipid extract of approximat ely 200 x 10 6 neutrophils was carried out according to the method of Bligh and Dyer [16] with 20 mL of CHCl 3 /MeOH. Solid butylated hydroxytoluene (25 mg) was added to the chloroform layer to prevent oxidation of the lipids. After removal of the chloroform under vacuum, the extract was recon stituted in mobile phase for normal-phase high-performance liquid chrom atography (NP-HPLC) purincation, The mobile phase used for the separation of the pho spholipid classes consisted of a gradient from 47% solvent A (hexane/isopropanol; 3/4, v /v) held for 6 min, chang ing to 100 % solvent B (h exane Z isopropanol/water; 3/4 /0.7, v [v Iv) over a 20-min period . The flow rate was 1 mL/min. The NP-HPLC column used was a 4.6 nun x 25 cm silica column with 5 /tm particle size from Alltech Applied Science (State College, PAl. The elution of the phospholipid classes was monitored with a UV detector set to monitor absorption at 206 nm.
Results
Thre e abundant high-mass negaiive ions are produc ed upon FAB ionization of diacyl GPCho molecular species as noted by others [12, 13] The 00 spectra of several commercially available diacyl GPCho molecular species are summarized in Table 1 . As noted previously [12] , the abundance of the carboxylate anions resulting from the fatty acid esterified at the sn -1 position relative to the sn -2 position should be in a ratio of 1:3 in the cm of 1M -15r . This ratio has been thought to reflect the relative rates of forma tion of the carboxylate anions by the cm process. However, for most of the molecular species measured in Table 1 , the ratio of the abundances of sn -1:SI1 -2 carboxylate anions was signifIcantly higher than 1:3. One poss ible reason for this difference was the presence of positional isomers of the molecular species in these commercial, synthetic phospholipids . Other explanations for the observed ratios may include the use of low energy for the cm process, the effect of unsaturation in fatty acyl groups, or the effect of the chain length of each acyl substitu ent on the decomposition.
To assess the isomeric purity of the fatty acyl groups at sn -2 of the phospholipid species, specific hydrol-J Am Soc Mass Spectrom 1991. 2, 45-54 ysis was carried out with the enz yme PLA z [18] . Liberated fatty acids were methylated and then analyzed by gas chromatography. The measured isomeric purity (as determined by PLA 2 assay) is compared with that based upon the observed ratio of the carboxylate anions obtained by negati ve FAB/MS /MS (CID m/z Several of the synthetic phospholipids contained significant amounts of pos itional isomers. There was a signifIcant linear correlation (r = 0.87; p = 0.0001) between the measured purity of molecular species by mass spectrometry and the purity of the molecular species as assessed by enzymatic hydrolysis ( Figure  2 ). It is of interest to point out that althou gh the slope of this line was close to unity, the intercept was nonzero ( y = 0.73x + 0.36). Nevertheless, a reasonable estimate of the sn -1:sn -2 fatty acyl substitution can be obtained from direct mass spectrometric analysis by CID of the [M -15] anions with assessment of the ratios of carboxylate anion intensities.
In addition to the diacyl molecular species of GPCho, several 1-G-aIkyl-2-acyl molecular species were examined . These mass spect ra are tabulated in Table  2 . The high -mass ions generated by FAB/MS/ MS are analogous to those previously observed and reported for diacyl species of GPCho, as can be seen in Figure  3a , which shows FAB spectra of 1-0-octadecyl-2-arachidonoyl GPCho (II). However, only one carbox- Figure 3d ). The appearance of these ions is substantially different from those observed for decompositions of the corresponding ion in the diacyl species. The neutral loss of the RzCOOH further confirms the identity of the molecular species as a 1-0-alkyl-2-acylGPCho as well as the exact assignment of the fatty acyl group at sn -2. and [M -60] is the same mass difference as is expected for an additional two-carbon chain with one more degree of unsaturatlon, which is typically found for homologous lipids in naturally occurring GPCho extracts. Precursor ion scans for individual carboxylate anions readily reveal those molecular species that contain the specified fatty acyl group esterified either at sn -1 or sn -2. For example, Figure 4b 'Presented as structure II.
Arachidonoyl Molecular Species in the Human Neutrophil
scan for those ions identified as containing a unique fatty acyl group. Such a product scan often reveals some complexity in isobaric molecular species within a biological GPCho extracl. However, using the above discussed rules, one can obtain a clear estimate of the species present with a reasonable assignment of the substituents at 511 -1 and 511 -2. Figure Table 3 lists the molecular species identified by FAB MS/MS using the approach discussed above with comparison to those previously identified by more traditional techniques [20, 21) . Further evidence for the assignment of ether-linked molecular species can be obtained by study of the cm product ions from the corresponding [M -86r ion . 
Discussion
A determination of phospholipid molecular species that contain esterified arachidonic acid is necessary for establishing a metabolic relationship between potential phospholipid precursors and arachidonic acid metabolites such as prostaglandins and leukotrienes. It has been suggested that arachidonate, which ultimately is converted into either prostaglandins or leukotrienes, is derived from a unique phospholipid molecular species precursor that contains a I-O-alkyl substituent at sn -I and arachidonate esterified to sn -2 Ill}. To investigate the existence of such a unique molecular species precursor, it is important to have the capability of analyzing complex mixtures of phosphatidylcholines that contain arachidonate esterified in different molecular species.
The usual method for the identification of phospholipid molecular species involves stages of separation including normal-phase chromatography to isolate classes of phospholipids on the basis of their polar head groups (phosphatidylcholine, phosphatidyllnositol, phosphatidylethanolamine, phosphatidylserine, and phosphatidic acid). Individual molecular species can then be separated on the basis of the fatty acyl groups esterified to sn -1 and sn -2 by RP-HPLC [22] . Typically, identifications of the exact molecular species are based upon relative retention times. Because the separation of molecular species is based upon the cumulative effects of the hydrophobic nature of the fatty acyl substituents, complete separation of molecular species of phospholipids from natural sources is virtually impossible. Therefore, development of alternative analytical approaches with the ability to identify minor molecular species that might coelute or elute very close to major phospholipid molecular species has become essential. Chemical or enzymatic degradation of separated phospholipid molecular species with subsequent GC analysis of methyl esters is often employed to identify the specific fatty acyl groups, for example, esterified at sn -2. However, this process is lengthy and tedious and fails to distinguish between the potential components at sn -I being an 1-0-alkyl ether, 1-0-alk-1ẽ nyl ether, or I-acyl ester component, because the molecular weight of the intact molecule is not measured. An alternative method has involved the use of phospholipase C [23] or chemical techniques [24] to cleave the polar head group, yielding a diglyceride that can be derivatized into an appropriate derivative for further chromatographic separation. For example, diglycerides can be analyzed by HPLC or mass spectrometric techniques [2S}.
With the development of alternative methods of mass spectrometric analysis including thermospray and FAB ionization, more direct methods have become feasible for phospholipid analysis. These methods are especially attractive because of the specific information that can be obtained from the mass spectrum and the potential for direct molecular species analysis. Thermospray mass spectrometry has been demonstrated to be useful for online HPLC detection of phospholipid molecular species [26] . However, identity of positional isomers and the assignment of sn -1 and sn -2 are not afforded by this technique. -86) also indicate the molecular weight of the intact GPCho mole cular species in some what less abundant yields . However, the negative FAB mass spectrum also contains intense carbo xylate anions that correspo nd to the esterified fatty acyl groups in the phospholipid molecular species. As suggested by others [12, 13) and further confirm ed by th is rep ort, the posi tion of the fatty acyl groups on the glycerol backbone can be readily determined by the use of negative PAB with MS /MS. Tandem mass spectrometry also eliminates the need to carry out reverse-p hase separation of individual molecular species, because th e first mas s spectrometer se ctor, either a quadru pole or magnetic sector instrument, can separate phospholipid molecular species through specific, characteristic ions. Therefore, the qualitative anal ysis of phospholipid molecular species is quite feasible by FAB/MSjMS.
Collision-induced dissociation of the high-mass negative ions results in the formation of carboxylate anions in abundance depending upon the site of esterification. The anions from fatty acyl moiety at SI1 -2 are approximatel y three times more abundant than that from the sn -1 carboxylate anion. The reports published so far are consistent with this obser- vation except for the case where the group at sn -2 is quite small, for example acetate, in which case a weaker signal for mI z 59 has been reported [13] . One suggestion for the abundant formation of sn -2 anion has been the release of steric strain in the decomposition mechanism while the sn -1 anion is being formed by an sn, mechanism that involves the phosphate oxygen displacing the carboxylate anion [13] . We would like to suggest that there may be many mechani sms responsible for the observed sn -2:sn -1 anion rat ios and therefore a slop e for the correlation time in Figure 2 different from unity. An alternative process could involve competition for the phosphate oxygen attacking either at sn -1 or sn -2, forming a six-membered cyclic transition state or five-membered cyclic transition state. with the five-membered cyclic transition state being highly favored. This would increase the abundance of the carboxylate anion arising from sn -2 (five-membered cyclic phosphate ester)
relative to the anion from sn -1 (six-membered cyclic phosphate ester).
We have found that the observed ratio of the abundances of sn -1: sn -2 is 1:3 by this low-energy crn process for a variety of diacyl-GPCho molecular species, including some containing esterified arachidonic acid . An observed deviation from this ratio suggests the presence of a mixture of molecular species , even positional isomers. The linear correlation found for the ratio of the sn -1:sn -2 abundances relative to PLA2 analysis supports the idea that collisional activation of [M -151 -as well as 1M -60]-anions can provide a key piece of information that permits analysis of the comple x mixture of GPCho molecular species found in biological extracts. However, the lack of complete agreement for these two measurements argues for several mechanisms operating in the formation of carboxylate anions by collisional activation. The results of the anal ysis of GPCho molecular species from human neutrophils containing arachidonic acid by FAB/MS/MS compare favorably with those obtained by traditional and more laborious tech- 'Identified by Rp·HPLC separation and FAB jMS [20. 21] . "lden1ified from precursor ion scan using negative FABjMSjMS shown in Figure 4c . 'Assignment of double-bond position in the alkyl group at sn -1 is not possible with MSjMS. These species may be plasmalogens. and both have been described in the literature 120. 211.
d Assignment of double-bond position in 1he alkyl group at sn -1 is not possible with MSjMS.
niques including normal-phase and reverse-phase chromatographic separations and partial degradation. The eight major arachidonate-containing molecular species were readily detected, including both diacyl and alkyl ether subclasses. In addition, other minor molecular species not previously characterized could be detected. Although this approach has been illustrated with identification of arachidonate-containing molecular species, it is, of course, possible to screen for any other fatty acyl group present in the complex phospholipid mixture. Furthermore, precursor scans permit the determination of relative abundances of those molecular species that contain arachidonic acid, which is difficult to assign except by quantitative analysis of the arachidonate content following separation of each molecular species.
